Regulation of protein function via cracking, or local unfolding and refolding of substructures, is becoming a widely recognized mechanism of functional control. Oftentimes, cracking events are localized to secondary and tertiary structure interactions between domains that control the optimal position for catalysis and/or the formation of protein complexes. Small changes in free energy associated with ligand binding, phosphorylation, etc., can tip the balance and provide a regulatory functional switch. However, understanding the factors controlling function in single-domain proteins is still a significant challenge to structural biologists. We investigated the functional landscape of a single-domain planttype ferredoxin protein and the effect of a distal loop on the electron-transfer center. We find the global stability and structure are minimally perturbed with mutation, whereas the functional properties are altered. Specifically, truncating the L1,2 loop does not lead to large-scale changes in the structure, determined via X-ray crystallography. Further, the overall thermal stability of the protein is only marginally perturbed by the mutation. However, even though the mutation is distal to the iron-sulfur cluster (∼20 Å), it leads to a significant change in the redox potential of the ironsulfur cluster (57 mV). Structure-based all-atom simulations indicate correlated dynamical changes between the surface-exposed loop and the iron-sulfur cluster-binding region. Our results suggest intrinsic communication channels within the ferredoxin fold, composed of many short-range interactions, lead to the propagation of long-range signals. Accordingly, protein interface interactions that involve L1,2 could potentially signal functional changes in distal regions, similar to what is observed in other allosteric systems.
ver the last several decades, our understanding of protein function has evolved from a rather static perspective, where signaling and function have been understood through surface complementarity arguments, such as the "lock and key" paradigm (1, 2) , to a more dynamic view where protein conformational fluctuations are inextricably linked to function (3) . As our understanding of protein dynamics expands, we are revealing many mechanisms by which proteins exploit conformational fluctuations to perform cellular function. In multidomain proteins, relative repositioning of domains is often linked to their levels of activity. For example, large-scale domain rearrangements in the four-domain Src kinase (4) and C-terminal Src kinase (5, 6) lead to these proteins being in so-called "on" or "off" states, and functional regulation may be obtained by adjusting the balance between these conformations (7) . In proteins such as adenylate kinase, domain rearrangements can be rate limiting during each round of catalysis (8) , where the enzyme cycles between ligandcompetent and ligand-release conformations. Because the kinetics of these transitions control the activity level of the protein, substantial theoretical (9-13) and experimental (14, 15) work has aimed at revealing the details of the functionally relevant transition-state ensembles. These investigations have shown that rearrangements may involve a degree of cracking, or localized unfolding and refolding, which serves to reduce the associated free-energy barriers (16, 17) . By modulating the balance of these order-disorder transitions that control domain-domain interactions/orientations, cells may tune the functional dynamics. Despite these conceptual advances in understanding enzyme regulation, these principles may not be applicable to single-domain proteins if they do not exhibit large-scale structural rearrangements. In those cases, alternative modes of functional control are likely employed by the cell.
In the present study, we investigate the relationship between structure, dynamics, and function for a single-domain plant-type ferredoxin (Fdx) protein. This Fdx folding motif is among the most abundant in nature, and it has been well studied previously biochemically (18) (19) (20) (21) (22) (23) , making Fdx an excellent candidate for quantitative, biophysical characterization. Moreover, the planttype Fdx folding motif has been found in numerous redox proteins and enzymes, as well as in functionally unrelated proteins that do not contain the [2Fe-2S] cluster, such as ubiquitin and the immunoglobulin-binding domain of protein G (24, 25) . Circular permutation of the secondary structure units helped identify previously unrecognized homologs, such as the mercury transporter protein MerP (26) . This versatility suggests that a fundamental understanding of the fold's dynamical properties may facilitate the design of proteins with tightly regulated, and unique, functional roles (27) . The development of "modular" proteins that can be artificially assembled into large functional complexes is also at the heart of modern synthetic biology (28) . When complexed with iron-sulfur clusters, Fdx proteins possess electron transport properties, which suggests they could be a component in artificial photosynthetic devices and other biologically motivated molecular "circuitry."
The potential role of iron-sulfur (FeS) proteins in synthetic biology is inspired by their role inside the cell. These proteins are key players in the three life-essential processes: photosynthesis, nitrogen fixation, and respiration (29, 30) . The plant-type Fdx proteins carry a single surface-exposed [2Fe-2S] iron-sulfur cluster (ISC) (19) , and homologous proteins are found in all organisms, e.g., adrenodoxin in human mitochondria (20) . The oxidation-reduction potentials (E m ) of these Fdx proteins range from −325 mV to around −450 mV (21) , making Fdx one of the strongest soluble reducing agents in nature (22) . The plant-type Fdx functions primarily as the electron acceptor of photosystem I, and upon reduction Fdx functions as an electron donor in a myriad of key metabolic pathways (e.g., NADP þ reduction, carbon assimilation, nitrite and sulfite reduction, glutamate synthesis, and thioredoxin reduction, etc.) (22, 23, (31) (32) (33) (34) (35) .
The Fdx fold (22, 23, 31, 36) , also termed the β-grasp, or UB roll, is found throughout the cell. The minimum core elements consist of a four-stranded mixed β-sheet with an α-helix packed across one face. Loop insertions and additional strands/helices may be incorporated into this fold for functional purposes. A ribbon diagram of the tertiary fold of Mastigocladus laminosus Fdx (mFdx), is shown in Fig. 1 (19, 37) .
Substitution of the flexible L1,2 loop (residues 10-14) of wild-type Fdx (mFdx WT ) with the rigid β-turn of a mesophilic Fdx (residues 10-12) (here we refer to this substituted mutant as mFdx ΔL1;2 ),* yields a protein that is functional at 23°C but loses electron-transfer (ET) activity at 55°C (19) , whereas mFdx is fully active. This loss of function is not due to dissociation of the [2Fe-2S] cluster, as this moiety is stable to 75°C. The highly specific effects of this isolated mutation is a well-defined feature, making mFdx ideal for exploring the relationship between a protein's functional and dynamical properties.
Through a combined experimental-theoretical investigation, we find that the network of short-range residue-residue interactions that define the Fdx fold directly facilitates long-range communication between L1,2 and the ISC pocket. Protein-film voltammetry (PFV) showed that the deletion of loop L1,2 alters the redox potential of the functional [2Fe-2S] center, ca. 20 Å removed from the site of mutation. X-ray crystallography and temperature-dependent CD studies revealed that, despite changes in the ET rates at high temperatures, the global structure and stability of the protein are robust. The only noticeable structural changes (i.e., larger than the uncertainties in the crystallographic coordinates) are in residues that directly interact with the mutated loop. Because these functional changes could not be attributed to changes in structure, or stability, we employed all-atom structurebased simulations (38) to characterize the native-basin fluctuations. These simulations revealed transdomain dynamic coupling (i.e., between two regions on opposing sides of a single domain) between the L1,2 loop and the [2Fe-2S] cluster. Taken together, these results demonstrate that the network of short-range native interactions in the Fdx fold possesses intrinsic communication channels that span the domain. These modes of communication connect functional centers to distal sites, which suggest previously undescribed modes of functional control in single-domain proteins within the cell.
Results
Minimal Structural Perturbation Observed upon Loop Deletion in mFdx. Because conformational rearrangements are often coupled to changes in the activity of proteins, we first determined the crystal structure of mFdx ΔL1;2 (2.3-Å resolution) to see if structural changes associated with loop deletion are sufficient to rationalize the large effect it has on the protein's function. The structure was solved via molecular replacement methods using the AMoRe module of CCP4i (39) , where mFdx WT (PDB ID code 1RFK) was used as a search model (excluding solvent). The solution resulted in an R value of 34.4% and correlation coefficient of 56.5% in the resolution range of 10-4.0 Å. The initial F obs -F calc and 2F obs -F calc electron density maps, calculated after five cycles of restrained refinement using REFMAC5 (40) , clearly indicated the presence of a β-turn between β1 and β2. The structure was further refined in the resolution range of 4.0-2.3 Å using REFMAC5. The structure was fitted into electron density maps using the graphics program O (41). The final model of mFdx ΔL1;2 (R value ¼ 20.9; R free ¼ 28.0) consists of residues 1-97 for both molecules and two [2Fe-2S] clusters (Table S1 ).
The structures of mFdx WT and mFdx ΔL1;2 are shown in Fig. 1 . The overall backbone fold of mFdx ΔL1;2 is superimposable with that of mFdx WT , with a rmsd of 0.35 Å (excluding the L1,2 residues). The only major difference observed between the two structures is localized to the mutated L1,2 loop ( Fig. 1) , which is over 20 Å removed from the ISC and adopts a shorter type-I β-turn conformation in mFdx ΔL1;2 . The [2Fe-2S] moieties and the surrounding side chains (residues within 4 Å of the ISC) in the cluster-binding pocket are also superimposable, with a rmsd of 0.15 Å. Thus, the change in electron-transfer efficiency upon mutation cannot be attributed to any apparent shift in the protein's configuration.
Loop Deletion Alters the Redox Potential in mFdx. Despite the minimal effect that L1,2 deletion has on the tertiary structure, this deletion maintains activity well below the optimal temperature of the thermophilic organism but abolishes the electron transport properties of this protein in vitro at 55°C (19) . Electron transport efficiencies are the result of a combination of intra-and interprotein interactions and properties including distance, orientation, hydrogen bonding, van der Waals, electrostatic interactions, and folding characteristics. To determine if loop mutation has a specific effect on the individual Fdx domain, we measured the redox potential and global stabilities (see below) of the WT and mutant proteins. Using protein-film voltammetry (42). we measured the redox potential (E m ) of the ISC at pH 7.0 for both mFdx WT and mFdx ΔL1;2 . Plots of applied potential versus the measured current for mFdx WT and mFdx ΔL1;2 are given in Fig. 2 . mFdx WT has a maximum cathodic peak at −345 mV and maximum anodic peak at −305 mV, yielding an E m of −325 mV. This value is in excellent agreement with previous reports achieved with solution titrations coupled with electron paramagnetic detection methods (21) . It is important to note that while the addition of neomycin is extremely useful in the collection of protein-film voltammetry measurements, it has the potential to alter the observed redox potential of specific systems (43) . However, in the case of mFdx the observed redox potential for mFdx is unchanged in the presence/absence of neomycin (21) . mFdx ΔL1;2 exhibits a cathodic peak at −400 mV and maximum anodic peak at −364 mV yielding an E m of −382 mV and a change in E m values of ∼57 mV. Thus mFdx ΔL1;2 has a significantly altered E m value, though it is a suitable E m for accepting electrons from photosystem I (E m of −550 mV). We next asked whether alterations in the solution ionic strength, compatible with the typical ranges used in enzymatic assays (19, 44) , would modify the observed potentials. We found that addition of 100 mM NaCl does not have a measurable effect on the respective redox potentials of the WT or mutant proteins (Fig. 2) . This robustness of the redox potential, under physiological changes in ionic strength, may have evolved to allow Fdx to function under a wider range of cellular conditions. Much more dramatic changes in conditions (i.e., addition of molar quantities of salt and extremes in pH) will be necessary to identify the origins and limits of this kind of robust functional dynamics to changes in solution conditions, though this is beyond the scope of the present investigation.
When studying electron transport processes, it is often difficult to partition the contributions of the donor and the acceptor because intermolecular interactions will also affect the transport properties. Here, by measuring the effects of distal loop swap on the redox potential of an isolated Fdx protein, we have identified a direct intramolecular effect that loop characteristics have on the active site.
Loop Deletion Has Minimal Effects on Global Protein Stability. As deletion of L1,2 does not lead to substantial structural changes, an alternative explanation for the observed functional coupling between these distal sites is that mutation reduces the stability of the protein, which results in frequent excursions to denatured, or partially denatured, conformations. To address this potential effect, we measured the thermal stability of the WT and mutated mFdx proteins. The fraction of unfolded protein, F app , as a function of temperature for mFdx WT and mFdx ΔL1;2 is shown in Fig. 3 . Both proteins are thermally stable and fully folded at temperatures below 70°C. They exhibit cooperative transitions between 70°C and 80°C and are fully unfolded at temperatures above 80°C. The midpoints of the transitions are 76.1±0.2°C and 74.0±0.3°C for mFdx WT and mFdx ΔL1;2 , indicating minimal perturbation to the stability of the protein upon loop deletion. Because the physiological temperature (55°C) is far below the folding temperatures, this change in stability should lead to a negligible increase in the probability of being unfolded in vivo. Thus, it is unlikely that the large changes in functional dynamics are the result of this modest change in stability.
The lack of coupling between the thermal stability and functional dynamics in the single-domain mFdx protein contrasts with our understanding of enzymatic catalysis in many multidomain proteins, such as adenylate kinase. In adenylate kinase, the dynamics of the large-scale rearrangements that govern catalysis are often correlated with the thermal stability of the protein (8) . It has been argued that the coupling of stability and functional dynamics allows the same protein fold to carry out similar functional roles in organisms with different physiological temperatures. Additionally, as a protein's stability evolves, so does Baseline-subtracted voltammograms of mFdx WT (shown in gray) and mFdx ΔL1;2 mutant (shown in red) in 100 mM Bis-Tris 100 mM NaCl pH 7.0 (not shown to scale). Baseline-subtracted voltammograms in low salt (100 mM Bis-Tris pH 7.0) for mFdx WT (black squares) and mFdx ΔL1;2 (blue squares) show no major effect of salt concentration on the redox potential. Midpoint potentials (E m ) were found by determining the potential equidistant from the cathodic and anodic peak potentials of the oxidative and reductive curves. E m values for mFdx WT and mFdx ΔL1;2 were determined to be −325 AE 10 mV and −382 AE 10 mV, respectively. Voltammograms were generated using highly oriented edge-plane graphite electrode containing neomycin as a coadsorbate. The reference electrode was 3 M Ag∕AgCl. All values shown above are corrected to standard hydrogen electrode (SHE) values. the propensity to crack (9, 10, 17) . This physical-chemical coupling between stability and function enables a range of sequences to have similar functional properties, so long as sufficient stability is selected.
In contrast to this picture, for mFdx we find that substitution of the distal L1,2 loop from a mesophilic sequence into a thermophilic sequence has a negligible effect on its stability and conformation, whereas it has a pronounced effect on the functional properties of the thermophilic protein. These results suggest an alternative mechanism of regulation in mFdx. Specifically, it suggests that the Fdx fold has internal communication channels that allow it to "sense" signals on one side of the domain and translate them into functional changes in distal residues. By mutating the L1,2 loop, we have artificially "flipped the switch" in mFdx.
Because each organism has a unique set of potential interaction partners for Fdx-like proteins, the precise chemical details of each may lead to highly specific effects on the functional residues.
Simulations Suggest a Mechanism of Communication in mFdx. Because we cannot rationalize the functional impact of L1,2 deletion in terms of a conformational change or a change in thermal stability, we employed simulations to explore the possibility that the connectivity of short-ranged native interactions leads to the observed longrange functionally relevant transdomain communication. Specifically, we used simulations that employed a single energetic basin, where only interactions that are formed in the crystal structure are stabilizing, for the apo forms of both mFdx WT and mFdx ΔL1;2 † . These simulations enabled us to determine whether L1,2 deletion affects the ISC-binding pocket as part of a global change in the dynamics, or through a specific communication route. Because structure-based simulations (38, 45) , which are grounded in energy landscape theory (46) , accurately describe the native-ensemble structural fluctuations of biomolecular systems (10, 38, (47) (48) (49) (50) (51) , we utilized an all-atom structure-based model (38) to explore the mechanism of L1,2-ISC-pocket communication. This model does not explicitly include long-or short-range electrostatic interactions, but it allows for the dissection of the geometric features that may impact function and folding. Therefore, the observed coupling between L1,2 and the binding site would be a consequence of the local connectivity of interactions, which is a property of the Fdx fold.
Our simulations reveal that deletion of L1,2 leads to temperature-dependent differences in the structural fluctuations of the WT and mutant proteins as shown in Fig. 4 . Specifically, the spatial root-mean-squared fluctuations (rmsf) for mFdx WT and mFdx ΔL1;2 are similar across the protein (with the exception of the site of mutation) in the folded state at lower temperature, though appreciable differences surface as the temperature is increased. Near the folding temperature, three regions distal to the L1,2 region exhibit large fluctuations in mFdx WT , which are attenuated in mFdx ΔL1;2 (Fig. 4A) . Changes are observed in the regions proximal to residue A43 and D68 (denoted here as r 43 and r 68 ) and the C-terminal residues. r 43 and r 68 are located near the ISC-binding cysteine residues (positions 41, 46, 49, and 79).
To probe whether the dynamic changes in the ISC-binding pocket are the result of communication between it and the L1,2 loop, as opposed to being the result of many small perturbations to the structure, additional "control" simulations were performed. That is, due to minor differences in the atomic coordinates of mFdx WT and mFdx ΔL1;2 , the native atomic contacts between non-L1,2 residues are 81% identical. To test whether these disparities in the contact maps contribute significantly to the differences in fluctuations, we also calculated the fluctuations for models that employed "hybrid" contact maps. The two hybrid force fields were constructed by defining the native contacts as (i) all the non-L1,2 contacts of mFdx WT and the L1,2 contacts of mFdx ΔL1;2 or (ii) including the L1,2 contacts of mFdx WT and the non-L1,2 contacts of mFdx ΔL1;2 . Regardless of which set of non-L1,2 contacts was employed, simulations that employed the L1,2 contacts from mFdx ΔL1;2 displayed reduced fluctuations in regions r 43 and r 68 . Careful examination of the native contacts of the L1,2 regions suggests two mechanisms by which loop deletion may alter the structural fluctuation in the ISC-binding site. The most mobile regions, which are also the most affected by ΔL1,2 mutation, are r 43 , r 68 , and the C terminus (Fig. 4 A and B) . In mFdx WT , the L1,2 residues (excluding those in strands β1 and β2) form 14 contacts with residues 35, 37, 54, and 91-94. In mFdx ΔL1;2 , L1,2 has only a total of five contacts, all of which are with residues 91 and 92. Because loop deletion results in the loss of all contacts between L1,2 and residues near r 43 (positions 35, 37, and 54), the observed changes in r 43 are reasonable to expect. Similarly, L1,2 deletion changes the contacts between L1,2 and residues near the C terminus (positions 91 and 92), which explains the changes in the dynamics of the C-terminal residues. Although there is no obvious, direct, structural connection between changes in L1,2 and r 68 , both the C terminus and r 43 are located proximal to it. Thus, the changes in dynamics of the C terminus and r 43 likely contribute to the changes in r 68 dynamics. Inspection of the positional covariance matrix for the C α atoms (Fig. 4C ) reveals correlated motion of these three regions. Because these regions contribute to the electronic environment surrounding the ironsulfur cluster, these results provide a clear mode of communication between L1,2 and the system's electrochemical activity. This type of communication may signal changes across a domain, which might then affect the electrostatic environment at distal sites and influence protein-protein and protein-ligand interactions and is the subject of ongoing investigations (52) .
Discussion
This study demonstrates that within a single protein domain fold the network of short-range native interactions can give rise to long-range modes of communication. Transdomain "cross-talk" between a catalytic center and a distal loop is an emerging theme by which single domains can transmit cellular signals (7, (53) (54) (55) . In the single-domain protein interleukin-1β, point mutations that are distal to the receptor binding interface have no effect on stability, yet they have significant effects on the binding properties (55) . In multidomain proteins, there are also examples of transdomain communication across individual domains, including in cAMP-dependent protein kinase (56) and in COOH-terminal Src kinase (Csk) (7) . It was demonstrated (57) that chemical perturbations are linked to activity regulation through a "communication pathway" between a distal SH2 domain and the active site. In contrast to the present study, NMR experiments revealed that the SH2 domain of Csk populates two structurally similar conformations and selection of one also contributes to the functional changes. In mFdx, we found no evidence of a conformational change within the domain, yet changes in the fluctuations of the distal L1,2 loop are coupled to the functionally relevant dynamics of the ISC pocket.
In light of these results, it is worthwhile to consider the notion of allosteric communication in proteins. The term allostery describes the observation of regulation of activity within a protein upon ligand binding at one site, and transmission of information to a second, distal site. The conventional view holds that conformational perturbations or rearrangements convey the regulatory effect. However, it now appears that the mechanism of allosteric regulation may be more universal than the classical interpretation (58) . In this updated view, allosteric signals can be transmitted through multiple, preexisting pathways and which pathway is chosen depends on topologies, binding events, and environmental conditions. Hence, long-range coupling via local interactions, as we observe here, can relay effects without protein structure being affected.
Because the physical origin of transdomain communication in mFdx can be traced back to the network of short-range, native, residue-residue interactions, it is reasonable to infer that the primary requirement for a protein to possess this dynamical communication channel is for it to obtain a Fdx-like fold. Here, a common feature of multidomain functional dynamics and mFdx may be seen. That is, similar to adenylate kinase, the global dynamics are encoded in the tertiary fold, and the scale of the motions is coupled to the global stability. For proteins that take on a Fdx-like fold, the network of residue-residue interactions will necessarily be very similar, because the finite size of protein side chains will limit the possible residue-residue connectivity. If the native interactions are similar between Fdx-like folded proteins, these communication avenues should also be preserved.
From a theoretical perspective, the role of local connectivity demonstrates how high-level functional dynamics may be understood in terms of simple considerations. If local connectivity governs the functional modes of communication, one must account only for the native interactions in order to reveal these dynamical properties. For single-domain proteins that do not undergo large conformational rearrangements, then one must employ only a model that accurately describes the fluctuations about a particular energetic minimum, such as the structure-based model used here. Although this approach captures the dynamical coupling between distal regions, future methodological advances may allow one to predict the degree of functional (in this case, the redox potential) changes from this type of dynamic information.
This study has revealed a mode of transdomain communication between the distal ISC-binding pocket and the L1,2 loop. Further, this communication does not appear to require longrange nonspecific interactions, but rather a network of shortrange native interactions. Although these findings shed light on the relationship among protein structure, dynamics, and function, the standing challenge will be to identify these functional channels a priori. Here, we have explained the basis for an experimentally suggested communication channel between distal sites, but the communication was not predicted without explicitly including a particular perturbation (mutation of the L1,2 loop). These results suggest that analyzing interaction networks in proteins is a viable approach to identify "hidden" modes of dynamic coupling in proteins. Finally, a complete understanding of how short-ranged interactions give rise to long-range communication will provide guiding principles for designing molecular devices that are capable of transmitting and converting chemical signals into mechanical activity.
Methods
Crystals of mFdx ΔL1;2 were obtained using the hanging-drop vapor diffusion method. Crystallographic data were collected at the European Synchrotron Radiation Facility beamline ID29 (λ ¼ 0.976 Å) on an Area Detector Systems Corporation Quantum 210 CCD detector and were integrated and scaled using the HKL2000 suite (59) . Protein-film voltammograms were generated using a CHI730C Electrochemical Workstation (CH Instruments Inc.). The electrode was prepared as reported earlier (60) . All PFV measurements were taken at 4°C to enhance signal to noise (42) . The SOAS software package (61) (courtesy of Christophe Léger, Centre National de la Recherche Scientifique, Paris, France) was used to perform the baseline subtraction of voltammetry data. All-atom structure-based force fields (38) for the Apo forms of mFdx WT and mFdx ΔL1;2 were prepared from the X-ray structures using the SMOG@ctbp Web tool (http://smog.ucsd.edu) (62) , with tertiary contacts represented by Gaussian-based potentials (63) . Simulations were performed with the Gromacs software package (64) . Structural figures were prepared with VMD (65) . Further details are provided in SI Text.
